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Energy harvesting by utilization of nanohelies
Sung Nae Cho
∗
MEMS & Pakaging Group, Samsung Advaned Institute of Tehnology,
Mt. 14-1 Nongseo-dong Giheung-gu, Yongin-si Gyeonggi-do, 446-712, South Korea
(Dated: Revised 18 Marh 2009)
An energy harvesting devie based on nanohelies is presented. The energy harvesting sheme
based on nanohelies involves the same retiation iruitry found in many household eletroni
goods, whih onverts alternating urrent (AC) from a wall outlet into a diret urrent (DC) supply.
The presented devie, however, involves the retiation of ambient eletromagneti waves rather
than the AC soure from a household wall outlet.
PACS numbers: 41.20.-q, 42.88.+h
I. INTRODUCTION
Antennas are ommon in many wireless devies, suh
as ordless phones, radios, and television sets. For ra-
dio and teleommuniation appliations, antennas are de-
signed to reeive eletromagneti waves in the gigahertz
frequeny ranges. The eletromagneti signals reeived
are onverted into eletrial urrents, whih in turn gen-
erate sound, images, and so on depending on the type of
devie. In priniple, antennas are the most fundamental
energy harvesting devies.
The idea of olleting solar energy by antenna dates
bak as early as 1970's(author?) [1℄. Sine then, re-
searhes in solar energy olletion by antennas have
slowly progressed(author?) [2, 3, 4, 5℄. However, due
to the limitations on physial size of antenna, it was only
reently a signiant ahievement in energy harvesting by
antennas has been realized for the infrared (IR) spetrum
of eletromagneti waves(author?) [6℄. For teleommu-
niation appliations, dimension of antenna is on the or-
der of entimeters. For the IR spetrum of eletromag-
neti energies, the antenna size sales on the order of
sub-mirons and this makes harvesting energy from light
by antenna even more hallenging.
The eieny of an antenna strongly depends on its
size(author?) [7℄. With the advent of nanotehnology,
the abundane of sub-miron sized strutures whih an
be used as antenna exists today. Nano strutures, suh
as nanorods, nanotubes, and nanodots, are beginning to
shed some light on harvesting energy from eletromag-
neti radiation in IR to ultraviolet (UV) spetrum of
range(author?) [8, 9, 10℄. The size (or dimension) is
not the only physial property that aets the eieny
of an antenna. For more sophistiated antennas, its geo-
metrial onguration, e.g., shape, signiantly aets
the antenna eieny(author?) [7℄. Antennas based
on simple nanorods, nanotubes, or nanodots leave little
room for manipulating their geometrial ongurations
for optimizations. This put helial antennas out of the
piture for developing solar ells based on antenna the-
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ory. This is all about to hange with reent developments
in nanohelies(author?) [11, 12, 13, 14, 15, 16℄.
The helial antennas are widely deployed tehnol-
ogy, whih is well doumented and studied in litera-
ture(author?) [17, 18℄. Perhaps, the most widely de-
ployed helial antenna, but whih is also least likely to
be thought of as one, i.e., as an helial antenna, is the
transformer found in many eletroni applianes. Be-
ause majority of battery operated eletroni devies run
on diret urrent (DC) power, the eletromagneti en-
ergy harvested by an antenna, whih is an alternating
urrent (AC) power, must be retied. The iruitry
that reties an AC into a DC power is referred to as
a retier and one of the breed of retiers, a half-wave
retier, is illustrated in Fig. 1.
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Figure 1: Half-wave retier with apaitor.
The AC soure in the retier iruit is physially rep-
resented by a transformer, Fig. 2. The primary and
seondary oils are labeled as P and S, respetively.
Basially, transformer is an union of two helial ondu-
tors in lose proximity, where one of them is termed pri-
mary oil and the other is termed seondary oil. Making
analogy with the radio station and a radio, the primary
oil plays the role of radio station and the seondary oil
plays the role of a radio. In a transformer, primary oil
transmits eletromagneti waves and the seondary oil
reeives those waves and onverts them into eletrial
urrents.
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Figure 2: Representation of a transformer as the AC soure.
The term retiation beomes meaningless unless the
output voltage, V
load
, and the input voltage, V
in
, satisfy
the retiation ondition,
V
in
≥ V
load
+ V
be
, (1)
where V
be
is the voltage drop aross the diode and V
in
is the voltage amplitude of the AC soure[26℄. The
smaller magnitude for V
be
translates into higher sys-
tem eieny. For normal diodes, V
be
ranges between
0.6 ∼ 1.8 volts. Shottky diode, whih is a speial type
of diode with very low forward-voltage drop, has the V
be
between approximately 0.1 ∼ 0.5 volts.
The household wall outlet supplies anywhere from
115V to 220V for V
in
, whih is muh larger than the
diode forward voltage drop. Therefore, V
be
of 0.6 ∼ 1.8
volts is not of muh onern when retifying power line
voltage. But, is this the same ase for retiation in-
volving ambient eletromagneti waves? To answer this,
I shall onsider a simple retenna illustrated in Fig. 3.
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Figure 3: Simple nanorod retenna, i.e., retifying antenna.
An ambient eletromagneti plane wave with E
P
≡
‖E
P
‖ for the magnitude of its eletri eld part produes
intensity I given by
I =
1
2
cε0E
2
P
,
{
c ≈ 3× 108ms−1,
ε0 ≈ 8.9× 10−12 s4A2m−3 kg−1,
where c is the speed of light in vauum, ε0 is the permit-
tivity of free spae, and E
P
is the eletri eld(author?)
[19℄. In general, the radiation from sun or nearby heat
soure does not form plane waves. However, if the longest
dimension of the nanorod is omparable to the wave-
length of inidene wave, the inidene wave an be ap-
proximated as a plane wave(author?) [20℄. The inten-
sity of one watt per squared meters orresponds to the
eletri eld magnitude of
I = 1Wm−2, E
P
≈ 2.7× 10−8Vnm−2.
For the nanorod of length l, the eletromotive fore
(EMF) generated inside of it would be given by
V
EMF
=
 l
0
E
P
· dl = E
P
l,
where, for simpliity, E
P
has been assumed to be parallel
to the length of nanorod. For the nanorod of 1 um in
length, intensity of 1Wm−2 generates
V
EMF
≈ 2.7× 10−5V
inside the nanorod. The V
EMF
generated inside the
nanorod retenna an be identied with the V
in
of Fig. 1
and the retiation ondition, Eq. (1), gives
2.7× 10−5V ≥ V
load
+ V
be
.
But, this annot be satised for any V
load
≥ 0 even with a
Shottky diode, whih is known to have very low forward-
voltage drop. Can V
EMF
be amplied so that the reti-
ation ondition, Eq. (1), is satised for suiently large
V
load
? The answer is yes and this involves the seondary
radiation proess, whih is illustrated in Fig. 4.
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Figure 4: Ampliation of V
EMF
by seondary radiation pro-
ess.
The irradiane from ambient soure, whih is indiated
by E
P
(eletri eld part) in the gure, indues radiation
from the primary oil, P, whih is indiated by E
rad
(eletri eld part only). Solution obtained by solving
Maxwell equations shows that E
rad
≫ E
P
when the se-
ondary oil, S, is plaed very lose to the primary oil.
Sine E
rad
ats as the inidene wave for S, the V
EMF
is amplied in S by fator of E
rad
/E
P
.
The ampliation of V
EMF
by seondary radiation pro-
ess an be qualitatively understood by realling the
multiple-slit experiment with oherent light soure, Fig.
5. When plane waves pass through a multiple-slit plate,
at distane x away from the slits, wavelets ouple either
onstrutively or destrutively depending on the loation
of y and this results in bright and dark intensity patterns
on sreen. The ross-setion of nanohelix, whih forms
the primary and the seondary oils in Fig. 4, resembles
3the multiple-slit plate (exept here, the slit pattern is in
ordered zigzag form).
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Figure 5: Multiple-slit diration.
That being said, the plane wave ondition and the
oherene of inidene wave is ruial to the amplia-
tion of V
EMF
by seondary radiation proess. The out-
door sun-light or the irradiane from light-bulb are not
plane waves if plane waves are thought of as wave front
with denite degree of oherene, whih an be measured
by the visibility of interferene(author?) [20℄. To put
it simply, the degree of oherene is a measure of how
perfetly the waves an anel due to destrutive inter-
ferene (or the opposite, measure of how perfetly the
waves an add up due to onstrutive interferene). The
oherene was originally introdued in onnetion with
Young's double-slit experiment in optis, where the in-
terferene beomes visible when light is allowed to pass
through small aperture suh as pin-hole and the eet
beomes more pronouned with smaller pin-holes regard-
less of the light soure. Young's experiment justies the
use of plane wave input for nanohelies onsidered here
as its height and winding pith sales on the order of
wavelength[27℄.
II. NANOTRANSFORMER ENERGY
HARVESTING DEVICE
A. Devie struture
The physial layout of energy harvesting devie based
on nanohelies (or nanotransformer(author?) [21, 22℄)
is illustrated in Fig. 6 and its equivalent iruit diagram
is provided in Fig. 7. Borrowing the terminology from
display tehnology, I shall refer to eah element in diode
layer (indiated by N-type and P-type square pairs in
Fig. 6) and nanohelies making ontat with the diode
element as a pixel. For larity, the pixel is indiated by
dotted retangular three dimensional ube in Fig. 8.
Device layout
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Figure 6: Nanotransformer energy harvesting devie layout.
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+
Output
Equivalent circuit
+ + + +
Figure 7: Equivalent iruitry.
The proposed energy harvesting devie based on
nanohelies involves three major devie layers (apaitor,
diode, and nanohelix layers), whih an be proessed in-
dependently and sandwihed together for the nal prod-
ut, Fig. 8. Suh proess allows manufaturing of the
proposed energy harvesting devie at large sales.
4Diode layer
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}
}
}
Figure 8: Three major layers of nanotransformer energy har-
vesting devie.
The diode layer an be rst prepared as a one large
sheet of a diode, whih then an be patterned to form
pixels of diodes. The nanohelix layer in urrent devie
sheme an be prepared by growing helies in normal
diretion of the substrate as illustrated in Fig. 9. Equiv-
alently, nanohelies an also be spin oated diretly onto
the surfae of a substrate. In this ase, nanohelies would
most likely be positioned with its length parallel to the
surfae of a substrate. To prevent diode layer from ol-
lapsing onto the substrate of nanohelix layer, transparent
dieletri spaer suh as SiO2 nanopartiles may be dis-
tributed on the substrate surfae as illustrated in Figs. 9
and 10.
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Substrate
(transparent)
Dielectric spacer
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(transparent)
Nanohelice layer
Figure 9: Shemati of grown nanohelies.
Nanohelice + diode layer
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(transparent)
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(compressed)
Figure 10: The ross-setional view of nanohelix layer with
diode layer plaed over it.
B. Operation priniple
For a suessful retiation, the V
EMF
generated
aross eah pixel must be amplied large enough to sat-
isfy the retiation ondition, Eq. (1). As already dis-
ussed in previous setions, the ampliation of V
EMF
is
ahieved thru the proess of seondary ampliation, re-
all Fig. 4. The role of primary oil, i.e., P in Fig.
4, in urrent devie sheme, Figs. 6 and 7, is played
out by nanohelies belonging to the neighboring pix-
els. Due to onstrutive and destrutive interferenes
of wavelets originating from dierent nanohelies, there
would be pixels reeiving amplied radiation elds and
there would be those pixels reeiving virtually no radi-
ation elds. Only those pixels positioned in loations
where onstrutive interferene ours would generate
large enough V
EMF
to meet the retiation ondition
and, eventually, partiipate in energy harvesting.
The number of pixels, where a pixel is indiated by dot-
ted retangular three dimensional ube in Fig. 8, plays
the key role in the energy harvesting based on nanohe-
lies. As an illustration, assume that eah pixel has a
dimension of 10 um × 10 um for its surfae area. In an
ideal lose paking, about 100 million suh pixels would
be able to t in an area of 10 m × 10 m. Weber et
al. have experimentally shown that ZnO nanowire an
arry up to roughly 330 nA of eletrial urrent before it
snaps(author?) [23℄. The urrent limiting resistors in
Figs. 4, 6, and 7 prevents the overloading of nanohelies
with too muh urrent, thereby saving it from a break
down. If assumed that eah pixel ontains single nanohe-
lix and that eah nanohelix arries eletrial urrent of
130 nA, this amounts to a total of 13A out of the devie.
Of ourse, only those pixels positioned in loations where
onstrutive interferene ours to generate V
EMF
large
enough to meet the retiation ondition ontribute to
the total urrent. But, even if one assumes that only 10%
of 100 million pixels ontribute in energy harvesting, this
still yields the total of 1.3A from the devie.
Having said enough about the potential of energy har-
vesting based on nanohelies, the validity of working prin-
iples behind the proposed devie depend heavily on the
ampliation of ambient eletromagneti elds by se-
ondary radiation proess, thru whih proess generates
V
EMF
large enough to satisfy the retiation ondition.
Sine the ampliation of V
EMF
depends on both mag-
neti indution ( B
rad
) and eletri eld ( E
rad
) parts
of the eletromagneti radiation from the primary helix,
V
EMF
∝
{ ‖E
rad
‖
‖B
rad
‖ ,
one needs to quantitatively show that indeed E
rad
and
B
rad
get amplied signiantly,
E
rad
E
P
≡ ‖Erad‖‖E
P
‖ ≫ 1,
B
rad
B
P
≡ ‖Brad‖‖B
P
‖ ≫ 1. (2)
The quantitative veriation of Eq. (2) involves the solv-
ing of Maxwell equations and this is the task whih I set
5out to do in the next setions.
III. THEORY
All phenomena involving interation with eletromag-
neti waves involve Maxwell equations. To keep the topi
presented here self-ontained, I shall briey summarize
the kind of manipulations and approximations assumed
in obtaining the vetor potential partial dierential equa-
tion (PDE), whih marks the starting point for the rest
of analysis throughout this presentation.
A. Maxwell equations
Maxwell equations, in the form independent of parti-
ular system of units, may be expressed as
∇ ·E = 4πgρ, ∇ ·B = 0,
∇×E = −η ∂B
∂t
, ∇×B = 4πγJ+ γ
g
∂E
∂t
,
where ρ is the total harge density, J is the total urrent
density, B is the magneti indution, E is the eletri
eld, and the positive onstants g, γ, and η depend on the
partiular system of units being adopted(author?) [24℄.
If one assumes that both harge and urrent densities are
speied throughout spae and assume that E, B, ρ, and
J vary in time as exp (iωt) , Maxwell equations may be
re-expressed in an alternate form as
∇ ·E = 4πgρ, ∇ ·B = 0,
∇×E = −iωηB, ∇×B = 4πγJ+ iωγ
g
E,
where ω is the angular frequeny. For a non-stati ase,
where ω 6= 0, the eletri divergene relation,
∇ · E = 4πgρ,
beomes redundant[28℄ and the problem of eletrodynam-
is is redued to solving the following set of Maxwell
equations in harmoni frequeny domain,
∇ ·B = 0, (3)
∇×E = −iωηB, (4)
∇×B = 4πγJ+ iωγ
g
E. (5)
B. Vetor potential
I proeed by seeking a vetor eld solution that simul-
taneously satises Maxwell equations (3) thru (5). Any
vetor eld A, whih satises the ondition
B = ∇×A, (6)
automatially satises Eq. (3) and suh vetorA is given
a name vetor potential. Substitution of Eq. (6) in Eq.
(4) gives
∇× (E+ iωηA) = 0.
The fundamental theorem of vetor analysis tells us that
any salar eld Φ satises the ondition ∇ × ∇Φ = 0.
And, this implies
E+ iωηA = ∇Φ,
where the sign of Φ is arbitrary. However, beause it has
already been dened in literature that E = −∇Φ for the
stati limit, where ω = 0, one hooses Φ → −Φ for the
salar eld and the previous relation beomes
E = −iωηA−∇Φ. (7)
Equation (7) automatially beomes the stati limit ex-
pression in the limit ω goes to zero.
The onept of vetor and salar elds simplify eletro-
magneti problem to solving of a single Maxwell equation
(5). Insertion of Eqs. (6) and (7) into Eq. (5) gives
∇×∇×A = 4πγJ+ iωγ
g
(−iωηA−∇Φ) .
Appliation of the vetor identity,
∇×∇×A = −∇2A+∇ (∇ ·A) ,
transforms the previous relation as
∇2A−∇ (∇ ·A) = −4πγJ− ω
2γη
g
A+
iωγ
g
∇Φ.
After some rearrangements, I arrive at the expression,
∇
(
∇ ·A+ iωγ
g
Φ
)
= ∇2A+ ω
2γη
g
A+ 4πγJ. (8)
Sine anyA and Φ satisfying Eq. (6) and Eq. (7), respe-
tively, solves Eq. (8), one is free to hoose any onvenient
A and Φ so that Eq. (8) beomes solvable. Choosing the
following expression for Φ,
Φ =
ig
ωγ
∇ ·A, (9)
makes the left side of Eq. (8) to vanish. And, the eletri
eld, utilizing Eq. (7), an be expressed as
E = −iωηA− ig
ωγ
∇ (∇ ·A) . (10)
With Φ dened in Eq. (9), the vetor potential satises
the following partial dierential equation (PDE),
∇2A+ g2A = −4πγJ, K = ω
√
γη
g
> 0, (11)
6where the onstant K has the physial impliation of
being the wave number. Equation (11) is the well known
Helmholtz equation and its solution is given by
A (R) = γ

J exp (−iK ‖R −R
s
‖)
‖R−R
s
‖ dVs, (12)
where R
s
is the position of urrent density, J ≡ J (R
s
) ,
and the volume integration is performed over entire re-
gion ontaining the urrent soure.
IV. ANALYSIS
A. Nanohelix
The simplest solenoid is given by a non-planar helial
urve depited in Fig. 11. If e1, e2, and e3 denote a right-
handed system of mutually perpendiular unit vetors,
then every spatial points on lamentary nite helix an
be represented by
R
s
= R
o
+R′, (13)
where R
o
is the position vetor dening the loal origin
O′ and R′ is the vetor dening the position of urrent
soure relative to O′. In Cartesian oordinates, R′ and
R
o
are given by(
R′
R
o
)
=
3∑
i=1
(
x′i
x
oi
)
ei,


x′1 ≡ x′ = a cos s,
x′2 ≡ y′ = a sin s,
x′3 ≡ z′ = bs.
(14)
For the rest of the presentation, I shall designate the trio
(e1, e2, e3) with (x, y, z) in respetive order. Similarly, for
the O′ oordinates, I shall designate the trio (e1, e2, e3)
with (x′, y′, z′) in respetive order. The oordinates x′
and y′ desribe a irle of radius a, and the z′, whih
oordinate denes the height of nite helix, inreases or
dereases in diret proportion to the parameter s. The
vertial distane between the oils, whih is known as
the pith, equals the inrease in z′ as s jumps by 2π. The
pith is hene given by
pith = 2πb. (15)
Assuming R
s
is dierentiable and that R
o
does not
depend on parameter s, the vetor whih is tangent to
the urve dening the nite helix is given by
T ≡ dRs
ds
=
3∑
i=1
Tiei, (16)
where
T1 = −a sin s, T2 = a cos s, T3 = b. (17)
The total length, l, of lamentary nite helial urve is
found by taking the line integration of assoiated tangent
vetor with respet to the parameter s,
l =

T · ds =

‖T‖ ds = s
√
a2 + b2,
Rs
R
oR Ox
y
z
2pibpitch = 
y
O
b c
a
2a
x
z
Figure 11: Finite helix, where e1 ‖ x ‖ x
′, e2 ‖ y ‖ y
′, and
e3 ‖ z ‖ z
′. The symbol ‖ reads as parallel to.
where ds is the dierential ar length of the nite he-
lix segment. One thus obtains the upper limit for the
parameter s,
c =
l√
a2 + b2
, 0 < s ≤ c. (18)
With the parameter s, the entire height of nite helix is
given by bc or bl/
√
a2 + b2 as indiated in Fig. (11).
The vetor potential integral of Eq. (12) is integrated
over the entire volume ontaining the urrent soures. If
the urrent soures are onned to a lamentary nite
helix whose spatial urve is represented by Eq. (13),
the helix may be partitioned into segments of nite but
equal sizes as illustrated in Fig. 12. The lamentary
wire forming nite helix has a length of l. Within the
representation parametrized in s, eah of N segments has
length of c/N, where c is dened in Eq. (18). The number
of segments is arbitrary, as one an slie the wire into as
many piees as he or she wants to. To make the argument
more onise, the lamentary wire is slied into enough
segments so that J for the segment is a onstant and the
entire segment is identied with its enter, R
sn, on the
nite helix. Then, for a detetor plaed at loation R,
the deteted vetor potential, whih has been ontributed
from the segment n on the nite helix, gets approximated
by the expression
An ≈ γαnc
N

δ (R
s
−R
sn) exp (−iK ‖R −Rs‖)
‖R−R
s
‖ dV,
(19)
where the volume integration is over all spae, the quan-
tity c/N represents the length of segment, the onstant
αn is related to the loal urrent density Jn for the nth
segment by Jn = cαn/N, and δ (Rs −Rsn) is the Dira
delta funtion, whih has the integral property,

f (Y) δ (Y −X) dV = f (X) .
7Appliation of the integral property of Dira delta fun-
tion on Eq. (19) yields the result
An ≈ γαnc exp (−iK ‖R −Rsn‖)
N ‖R−R
sn‖ . (20)
The detetor reeives ontributions from all N seg-
ments of the nite helix, not just from the nth segment.
Therefore, summing over the ontributions from all N
segments of the nite helix, I have
A ≈
N∑
n=1
An =
N∑
n=1
γαnc exp (−iK ‖R−Rsn‖)
N ‖R−R
sn‖ .
Finally, in the limit the slies beome ner and ner, it
beomes
A = lim
N→∞
N∑
n=1
γαnc exp (−iK ‖R−Rsn‖)
N ‖R−R
sn‖ .
In the representation parametrized by s, one noties
that c/N = △s and, as N goes to innity, △s beomes
innitesimal, i.e., △s → ds. Also, as the slies get ner,
what was the enter point for the nth slie beomes the
exat point for the slie, R
sn → Rs. Similarly, what was
an average urrent density within the slie beomes an
exat urrent density for the point R
s
, αn → J (Rs) .
Hene,
lim
N→∞
N∑
n=1
f (x)
c
N
→

f (x) ds,
and the vetor potential expression for the nite helix
beomes
A = γ
 c
0
J exp (−iK ‖R−R
s
‖)
‖R−R
s
‖ ds, (21)
whereR
s
is dened in Eq. (13) with its omponents given
by Eq. (14). As the urrent density, J, has not been de-
ned, the vetor potential integral in parametrized form,
Eq. (21), annot be evaluated. The urrent density
soure for the nite helix system is ast into a quanti-
tative form in the next setion.
B. Indued urrent
Consider an eletromagneti problem depited in Fig.
13, where a plane wave front is impinging on the nite he-
lix whose onguration is desribe by Eq. (13). The real
world solenoid, no matter how small, always has ross-
setional area of nite size whih holds urrent respon-
sible for indued eletromagneti radiation. Modeling a
real world solenoid an be diult due to the omplia-
tions arising from a nite thikness for the ross-setional
area. However, the mathematial modeling an be sub-
stantially simplied by letting the ross-setional area of
Ro
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Figure 12: Segmented nite helix.
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Figure 13: Plane wave inident on nite helix. The Poynting
vetor is indiated by S
p
.
the wire to go to zero and, at the same time, letting the
urrent density to go to innity in suh a manner that
the ux of urrent along the wire remains onstant. For
the urrent arrying helial wire modeled within suh ap-
proximation, Eq. (13) sues for the desription of nite
solenoid.
The vetor eld A, whose solution satises the PDE
of Eq. (11), arises as a result of indued urrent within
the nite helix. This indued urrent inside a nite helix
is due to the eletri eld omponent of impinging plane
wave as illustrated in Fig. 13. Assuming that wire form-
ing nite helix an be represented by an isotropi ohmi
ondutor, the urrent density J is given by the Ohm's
law,
J = σE
p
,
{
σ ≡ σ (R
s
) ,
E
p
≡ E
p
(R
s
) ,
(22)
where σ is the eletrial ondutivity, E
p
is the polar-
ization (eletri eld) of impinging plane wave front, and
R
s
is the position of urrent soure.
Eletromagneti waves have both eletri and magneti
eld parts, as illustrated in Fig. 14. For a nanohelix
8whose oil diameter is less than 50 nm, an IR range ele-
tromagneti plane wave passing through it would be per-
eived as a DC magneti eld swithing between on and
o modes at a rate of wave frequeny. This omes about
beause the wavelength of eletromagneti waves in the
IR range sales on the order of mirons, whih implies
the vast majority of IR range eletromagneti waves are
more than hundred times larger in their wavelength om-
pared to the 50 nm diameter of the nanohelix. And, this
argument strengthens with nanohelies of smaller diam-
eter size (or with longer wavelengths, for example, mi-
rowaves and radio waves).
e
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Figure 14: The E
p
and B
p
are eletri and magneti parts of
eletromagneti wave, and S
P
is the Poynting vetor. The en-
losed box shows the time varying ux of magneti indution
enlosed by the nanohelix loop, where the symbol × denotes
the ase of B
p
= −B
p
e3 and the symbol • denotes the ase
of B
p
= B
p
e3.
The marosopi onduting oil driven by a house-
hold line voltage alternating at 60Hz generates ele-
tromagneti waves radiating at 60Hz. Suh radiation
would have a wavelength of roughly 5000 km in air, i.e.,
λ = 3 × 108/60. A seondary ondutive oil plaed
nearby it would pereive as if the magneti part of the
radiating eletromagneti wave was a DC magneti eld
swithing in an empty between on and o modes, exept
now at the rate of 60Hz yle. Again, the argument holds
beause even a solenoid of diameter as large as 100 m is
still fty million times small ompared to the wavelength
of λ = 5000 km.
In summary, the ase involving nanohelix and the IR
spetrum of eletromagneti waves, in priniple, is just
the saled down analogue of the ase whih involves the
interation between eletromagneti waves radiated by
marosopi ondutive primary oil driven by a house-
hold line voltage alternating at 60Hz and the seondary
solenoid plaed nearby.
That being said, under the exposure of eletromag-
neti radiation, net eletri urrent gets indued inside
the nanohelix in aordane with Faraday's law of in-
dution and the total indued urrent density inside the
z
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yO
pitch
p
p
p
pE
E
EE
Figure 15: Perpendiular and parallel polarization ompo-
nents at the loal helix segment.
nanohelix must be expressed as
J = σE
p
+ J
B
,
where J
B
is the indued urrent density ontribution aris-
ing from the magneti part of the inidene ambient ele-
tromagneti wave. Nevertheless, for the analysis here, I
neglet J
B
as this involves very lengthy derivation on its
own. However, it is reminded that J
B
only makes J big-
ger. Therefore, one I show that Eq. (2) is satised even
with ontribution from J
B
negleted in J, redoing the
problem with ontribution from J
B
inluded in J should
only make the ase even rmer.
Returning from a short detour, in the ase where nite
helix is made of a lamentary wire, only the omponent
of eletri eld whih is parallel to the loal length of
wire an indue urrent as depited in Fig. 15. The
polarization of impinging plane wave an be deomposed
into E
p⊥ and E
p‖ at the loal point Rs of the nite helix,
where E
p⊥ and E
p‖ are the two omponents of Ep that
are, respetively, perpendiular and parallel to the loal
tangent of nite helix at R
s
. In a lamentary wire, only
E
p‖ an result in indued urrent. Mathematially, Ep‖
at loal point, R
s
, is expressed as
E
p‖ =
(
E
p
·T
T ·T
)
T,
{
E
p
≡ E
p
(R
s
) ,
T ≡ T (R
s
) ,
(23)
where T is the loal tangent vetor for nite helix at R
s
.
The expliit expression for T has already been dened
in Eq. (17). Insertion of Eq. (23) for E
p
in Eq. (24)
ensures that only E
p‖ takes part in the generation of
loally indued urrent density,
J = σ
(
E
p
·T
T ·T
)
T, J ≡ J (R
s
) . (24)
Without loss of generality, the eletri eld of imping-
ing plane wave at points on the nite helix an be ex-
pressed as
E
p
(R
s
) = exp (iK ·R
s
+ iωt)
3∑
i=1
E
piei, (25)
9where the wave vetor K is given by
K =
3∑
i=1
Kiei. (26)
In terms of the diretion osines,
cosαi =
E
pi
E
p
≡ Epi‖E
p
‖ , i = 1, 2, 3, (27)
the Eq. (25) an be expressed as
E
p
= E
p
exp (iK ·R
s
+ iωt)
3∑
i=1
cosαiei. (28)
With the following expressions,
T ·T = a2 + b2,
E
p
·T = E
p
χ exp (iK ·R
s
+ iωt) ,
where
χ = −a sin s cosα1 + a cos s cosα2 + b cosα3, (29)
the J of Eq. (24) beomes
JTD =
σE
p
χ
a2 + b2
3∑
i=1
Ti exp (iK ·Rs + iωt) ei (30)
with the supersript TD denoting the time domain. In
the frequeny domain analysis Eq. (30) simplies to be-
ome
J ≡ JFD = σEpχ
a2 + b2
3∑
i=1
Ti exp (iK ·Rs) ei, (31)
where the supersript FD now denotes the frequeny do-
main analysis, and Ti and χ are respetively from Eqs.
(17) and (29).
It helps to simplify the analysis in the proeeding se-
tions by re-expressing Eq. (29) in an alternate form. It is
well known in mathematis that any linear ombination
of sine waves of same period but dierent phase shifts is
also a sine wave of same period, but dierent phase shift.
It an be shown then
a1 sinϕ+ a2 sin (ϕ+ b1)
=
√
a21 + a
2
2 + 2a1a2 cos b1
× sin
[
ϕ+ arctan
(
a2 sin b1
a1 + a2 cos b1
)]
. (32)
Sine
sin (ϕ+ b1) = cosϕ,
{
b1 = ±
(
n+ π
2
)
,
n = 0, 1, 2, · · · ,
Eq. (32) may be simplied to
a1 sinϕ+ a2 cosϕ =
√
a21 + a
2
2
× sin
[
ϕ+ arctan
(
a2
a1
)]
(33)
for b1 = π/2. Equation (29) is ompared with Eq. (33)
to yield
χ = a
√
cos2 α1 + cos2 α2
× sin
[
s− arctan
(
cosα2
cosα1
)]
+ b cosα3, (34)
where the odd property of ar tangent funtion,
arctan (−θ) = − arctan θ,
has been utilized in the nal step.
C. Indued elds
1. Indued vetor potential
In Cartesian oordinates, one has
u ≡ ‖R−R
s
‖ =
[
3∑
i=1
(xi − xoi − x′i)2
]1/2
,
where R =
∑3
i=1 xiei and Rs is from Eq. (13). With
Eq. (14) substituted in, u beomes
u =
[
(x1 − xo1 − a cos s)2 + (x2 − xo2 − a sin s)2
+(x3 − xo3 − bs)2
] 1
2
. (35)
Insertion of Eqs. (31) and (35) into Eq. (21) yields
A =
γσE
p
a2 + b2
3∑
i=1
eiGi, (36)
where
Gi =
 c
0
χTi
u
exp (iK ·R
s
− iKu)ds. (37)
The quantity K ·R
s
in Eq. (37) is given by
K ·R
s
=
3∑
i=1
(Kixoi +Kix
′
i) , (38)
where
3∑
i=1
Kix
′
i = aK1 cos s+ aK2 sin s+ bK3s. (39)
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Equation (39) is ompared with Eq. (33) to yield
3∑
i=1
Kix
′
i = a
√
K21 +K
2
2 sin
[
s+ arctan
(
K1
K2
)]
+ bK3s
and Eq. (38) hene may be expressed
K ·R
s
= K1xo1 +K2xo2 +K3 (xo3 + bs)
+ a
√
K21 +K
2
2 sin
[
s+ arctan
(
K1
K2
)]
. (40)
With Eq. (40), the Gi of Eq. (37) beomes
Gi =
 c
0
χTi
u
exp (iv) ds, (41)
where
v = K1xo1 +K2xo2 +K3 (xo3 + bs)−Ku
+ a
√
K21 +K
2
2 sin
[
s+ arctan
(
K1
K2
)]
. (42)
Utilizing Euler's formula,
exp (iv) = cos v + i sin v, (43)
Eq. (41) may be separated into the real and imaginary
parts
Gi = ℜGi + iℑGi,
( ℜGi
ℑGi
)
=
 c
0
χTi
u
(
cos v
sin v
)
ds, (44)
to yield
A = ℜA+ iℑA,
( ℜA
ℑA
)
=
γσE
p
a2 + b2
3∑
i=1
ei
( ℜGi
ℑGi
)
. (45)
In expliit form, the χTi in Eq. (44), with the aid of Eqs.
(17) and (34), for eah i = 1, 2, and 3, beomes
χT1 = −a2c1 sin (s− c2) sin s− abc3 sin s, (46)
χT2 = a
2c1 sin (s− c2) cos s+ abc3 cos s, (47)
χT3 = abc1 sin (s− c2) + b2c3, (48)
where,
c1 =
√
cos2 α1 + cos2 α2, (49)
c2 = arctan
(
cosα2
cosα1
)
, (50)
c3 = cosα3. (51)
Using trigonometri identities,
cos θ cosϕ =
1
2
[cos (θ − ϕ) + cos (θ + ϕ)] , (52)
sin θ sinϕ =
1
2
[cos (θ − ϕ)− cos (θ + ϕ)] , (53)
sin θ cosϕ =
1
2
[sin (θ − ϕ) + sin (θ + ϕ)] , (54)
the χT1 of Eq. (46) and χT2 of Eq. (47) may be re-
expressed into a anonial form,
χT1 =
1
2
a2c1 [cos (2s− c2)− cos c2]− abc3 sin s, (55)
χT2 =
1
2
a2c1 [sin (2s− c2)− sin c2] + abc3 cos s, (56)
where c1, c2, and c3 are dened in Eqs. (49) thru (51)
and the even and odd properties of osine and sine,
cos (−x) = cosx, sin (−x) = − sinx,
have been utilized in the result. The χT3 of Eq. (46),
χT1 of Eq. (55), and χT2 of Eq. (56) are substituted into
Eq. (44) to yield
ℜG1 = a
4
 c
0
[
ac1
u
cos (v + 2s− c2)− 2ac1 cos c2
u
cos v
+
ac1
u
cos (v − 2s+ c2)− 2bc3
u
sin (v + s)
+
2bc3
u
sin (v − s)
]
ds, (57)
ℜG2 = a
4
 c
0
[
2bc3
u
cos (v + s)− 2ac1
u
sin c2 cos v
+
2bc3
u
cos (v − s) + ac1
u
sin (v + 2s− c2)
−ac1
u
sin (v − 2s+ c2)
]
ds, (58)
ℜG3 = b
2
 c
0
[
2bc3
u
cos v +
ac1
u
sin (v + s− c2)
−ac1
u
sin (v − s+ c2)
]
ds, (59)
ℑG1 = a
4
 c
0
[
2bc3
u
cos (v + s)− 2bc3
u
cos (v − s)
+
ac1
u
sin (v + 2s− c2)− 2ac1
u
cos c2 sin v
+
ac1
u
sin (v − 2s+ c2)
]
ds, (60)
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ℑG2 = a
4
 c
0
[
− ac1
u
cos (v + 2s− c2)
+
ac1
u
cos (v − 2s+ c2) + 2bc3
u
sin (v + s)
−2ac1
u
sin c2 sin v +
2bc3
u
sin (v − s)
]
ds, (61)
ℑG3 = b
2
 c
0
[
− ac1
u
cos (v + s− c2)
+
ac1
u
cos (v − s+ c2) + bc3
u
sin v
]
ds, (62)
where c1, c2, and c3 are dened in Eq. (49-51).
2. Indued magneti indution
Substitution of A = ℜA+ iℑA into Eq. (6) gives
B = ∇×ℜA+ i∇×ℑA.
Insertion of ℜA and ℑA from Eq. (45) yields
B = ℜB+ iℑB, (63)
where( ℜB
ℑB
)
=
γσE
p
a2 + b2
∇×
3∑
i=1
( ℜGi
ℑGi
)
ei︸ ︷︷ ︸
url
. (64)
The ith omponent of url of Eq. (64) is given by[
∇×
3∑
i=1
( ℜGi
ℑGi
)
ei
]
i
= ǫijk∂j
( ℜGk
ℑGk
)
.
In terms of vetor omponents, Eq. (64) beomes
( ℜB
ℑB
)
=
γσE
p
a2 + b2
3∑
i=1
eiǫijk∂j
( ℜGk
ℑGk
)
, (65)
where indies j and k are hosen in aordane with the
yli rule,
If i =

 12
3


then j =

 23
1


and k =

 31
2

 , (66)
and ǫijk is the Levi-Civita oeient,
ǫijk =


+1, if (ijk) is (123) , (231) , or (312)
−1, if (ijk) is (321) , (213) , or (132)
0, otherwise
.
(67)
Expanding out the Levi-Civita oeient ǫijk, following
the rule stated in Eq. (67), the ℜB and ℑB of Eq. (65)
beome( ℜB
ℑB
)
=
γσE
p
a2 + b2
3∑
i=1
(
∂jℜGk − ∂kℜGj
∂jℑGk − ∂kℑGj
)
ei, (68)
where the indies j and k are assigned in aordane with
the yli rule dened in Eq. (66). Equations (57) thru
(62) may be summarized in the following form,
ψ =

[∑
̺
ζ
s̺ sin (v + ϑs̺)
u
+
∑
ι
ζ
ι cos (v + ϑι)
u
]
ds,
(69)
where ψ represents ℜGi or ℑGi, the sums
∑
̺ and
∑
ι
denote summation over terms involving sines and osines,
respetively; and, (ζ
s̺, ζι) and (ϑs̺, ϑι) are the respe-
tive onstant terms whih an be identied from the ob-
servation of sines and osines of whih involve v in their
argument. The operator ∇ in Eq. (64) operates only
on the oordinates of the detetor. Sine only u and v
involves the detetor oordinates, it an be shown that
∂lψ =

(∑
̺
ζ
s̺
u
ψ
s̺ −
∑
ι
ζ
ι
u
ψ
ι
)
ds, (70)
where l = x, y, z or l = 1, 2, 3 and
ψ
s̺ = cos (v + ϑs̺) ∂lv − sin (v + ϑs̺) ∂lu
u
,
ψ
ι = sin (v + ϑι) ∂lv +
cos (v + ϑ
ι) ∂lu
u
.
To ompute for ∂lu, I utilize the vetor operator identity,
∇‖R−R
s
‖n = n ‖R−R
s
‖n−2 (R−R
s
) . (71)
With Eq. (71), ∂l ‖R−Rs‖n beomes
∂l ‖R−Rs‖n = el · ∇ ‖R−Rs‖n = nel · (R−Rs)‖R−R
s
‖2−n
or
∂l ‖R −Rs‖n = n (xl − xsl)‖R −R
s
‖2−n . (72)
Sine u = ‖R−R
s
‖ , I have
∂lu =
xl − xsl
u
= −ul
u
, ul = xsl − xl. (73)
For the ∂lv, using Eq. (42) for v, one obtains
∂lv = −K∂lu = Kul
u
, (74)
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where Eq. (73) has been substituted in for ∂lu. Insertion
of Eqs. (73) and (74) into Eq. (70) yields the expressions
for ∂lℜGi and ∂lℑGi,
∂lψ =

(∑
̺
ζ
s̺
u
ψ
s̺o +
∑
ι
ζ
ι
u
ψ
ιo
)
ds, (75)
where
ψ
s̺o =
ulK cos (v + ϑs̺)
u
+
ul sin (v + ϑs̺)
u2
,
ψ
ιo =
ul cos (v + ϑι)
u2
− ulK sin (v + ϑι)
u
.
Comparing Eq. (75) with Eq. (69), I obtain the following
transformation rule,{
sin (v + ϑ
s̺)→ ψs̺o,
cos (v + ϑ
ι)→ ψιo, (76)
where ϑ
s̺ and ϑι are extrated from the argument of
osines and sines by diret omparison. The omputa-
tions of ∂lℜGi and ∂lℑGi are done by simple replae-
ments of sines and osines in Eqs. (57) thru (62) following
the rule dened in Eq. (76). This yields the expressions(
∂lℜGi
∂lℑGi
)
= ul
( ℜΨi
ℑΨi
)
, (77)
where
ℜΨ1 = a
4
 c
0
[
ac1
u3
cos (v + 2s− c2)− 2bc3K
u2
cos (v + s)
− 2ac1 cos c2
u3
cos v +
2bc3K
u2
cos (v − s)
+
ac1
u3
cos (v − 2s+ c2)− ac1K
u2
sin (v + 2s− c2)
− 2bc3
u2
(
1 +
1
u
)
sin (v + s) +
2ac1K cos c2
u2
sin v
+
2bc3
u3
sin (v − s)− ac1K
u2
sin (v − 2s+ c2)
]
ds,
(78)
ℜΨ2 = a
4
 c
0
[
ac1K
u2
cos (v + 2s− c2) + 2bc3
u3
cos (v + s)
− 2ac1 sin c2
u3
cos v +
2bc3
u3
cos (v − s)
− ac1K
u2
cos (v − 2s+ c2) + ac1
u3
sin (v + 2s− c2)
− 2bc3K
u2
sin (v + s) +
2ac1K sin c2
u2
sin v
−2bc3K
u2
sin (v − s)− ac1
u3
sin (v − 2s+ c2)
]
ds,
(79)
ℜΨ3 = b
2
 c
0
[
ac1K
u2
cos (v + s− c2) + 2bc3
u3
cos v
− ac1K
u2
cos (v − s+ c2) + ac1
u3
sin (v + s− c2)
−2bc3K
u2
sin v − ac1
u3
sin (v − s+ c2)
]
ds, (80)
ℑΨ1 = a
4
 c
0
[
ac1K
u2
cos (v + 2s− c2) + 2bc3
u3
cos (v + s)
− 2ac1K cos c2
u2
cos v − 2bc3
u3
cos (v − s)
+
ac1K
u2
cos (v − 2s+ c2) + ac1
u3
sin (v + 2s− c2)
− 2bc3K
u2
sin (v + s)− 2ac1 cos c2
u3
sin v
+
2bc3K
u2
sin (v − s) + ac1
u3
sin (v − 2s+ c2)
]
ds,
(81)
ℑΨ2 = a
4
 c
0
[
− ac1
u3
cos (v + 2s− c2)
+
2bc3K
u2
cos (v + s)− 2ac1K sin c2
u2
cos v
+
2bc3K
u2
cos (v − s) + ac1
u3
cos (v − 2s+ c2)
+
ac1K
u2
sin (v + 2s− c2) + 2bc3
u3
sin (v + s)
− 2ac1 sin c2
u3
sin v +
2bc3
u3
sin (v − s)
−ac1K
u2
sin (v − 2s+ c2)
]
ds, (82)
ℑΨ3 = b
2
 c
0
[
− ac1
u3
cos (v + s− c2) + bc3K
u2
cos v
+
ac1
u3
cos (v − s+ c2) + ac1K
u2
sin (v + s− c2)
+
bc3
u3
sin v − ac1K
u2
sin (v − s+ c2)
]
ds, (83)
where c1, c2, and c3 are dened in Eqs. (49) thru (51).
The omponents of ℜB and ℑB are readily extrated
from Eq. (68) to yield
( ℜB
ℑB
)
=
3∑
i=1
( ℜBi
ℑBi
)
ei,
where( ℜBi
ℑBi
)
=
γσE
p
a2 + b2
(
∂jℜGk − ∂kℜGj
∂jℑGk − ∂kℑGj
)
. (84)
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Utilizing Eq. (77), the ℜBi and ℑBi of Eq. (84) beome( ℜBi
ℑBi
)
=
γσE
p
a2 + b2
[
uj
( ℜΨk
ℑΨk
)
− uk
( ℜΨj
ℑΨj
)]
,
(85)
where i = 1, 2, 3 and the indies j and k are assigned
in aordane with the yli rule dened in Eq. (66).
Knowing that B
P
= E
p
/c
o
, where co is the speed of light
in vauum, Eq. (85) may be expressed as( ℜBi
ℑBi
)
=
γσc
o
B
P
a2 + b2
[
uj
( ℜΨk
ℑΨk
)
− uk
( ℜΨj
ℑΨj
)]
.
(86)
Sine B = ℜB + iℑB from Eq. (63), the magnitude of
B is given by
B =
√
B†B =
√
(ℜB− iℑB) · (ℜB+ iℑB)
=
√
ℜB · ℜB+ ℑB · ℑB
=
{
3∑
i=1
[
(ℜBi)2 + (ℑBi)2
]}1/2
.
With Eq. (86) substituted in for ℜBi and ℑBi, one ob-
tains
B
rad
B
P
≡ B
B
P
=
γσc
o
a2 + b2
[
(u2ℜΨ3 − u3ℜΨ2)2
+ (u3ℜΨ1 − u1ℜΨ3)2 + (u1ℜΨ2 − u2ℜΨ1)2
+ (u2ℑΨ3 − u3ℑΨ2)2 + (u3ℑΨ1 − u1ℑΨ3)2
+(u1ℑΨ2 − u2ℑΨ1)2
] 1
2
, (87)
where ℜΨi and ℑΨi are from Eqs. (78) thru (83) and ui
is dened in Eq. (73) for eah i = 1, 2, 3.
3. Indued eletri eld
The assoiated eletri eld may be obtained from Eq.
(10). Insertion of Eq. (36) into Eq. (10) gives
E = −iωηA− igσEp
ω (a2 + b2)
∇
(
∇ ·
3∑
l=1
elGl
)
. (88)
The term involving Cartesian gradient operator∇, where
∇ ≡∑3i=1 ei∂i, an be expressed as
∇
(
∇ ·
3∑
l=1
elGl
)
= ∇
3∑
l=1
∂lGl =
3∑
i=1
ei∂i
3∑
l=1
∂lGl
=
3∑
i=1
3∑
l=1
ei∂i∂lGl
and Eq. (88) beomes
E = −iωηA− igσEp
ω (a2 + b2)
3∑
i=1
3∑
l=1
ei∂i∂lGl, (89)
where ∂i∂lGl ≡ ∂l∂iGl sine ∂2/ (∂x∂y) = ∂2/ (∂y∂x)
for any mixed partial derivatives (reall that notation ∂i
or ∂x represents ∂/∂x). Insertion of Eq. (45) into Eq.
(89) nally yields
E = ℜE+ iℑE,
where
ℜE = ωηℑA+ gσEp
ω (a2 + b2)
3∑
i=1
3∑
l=1
ei∂i∂lℑGl, (90)
ℑE = −ωηℜA− gσEp
ω (a2 + b2)
3∑
i=1
3∑
l=1
ei∂i∂lℜGl. (91)
Utilizing Eq. (77) for ∂lℑGl and ∂lℜGl, one has
∂i∂l
( ℑGl
ℜGl
)
= ∂i
[
x
sl
( ℑΨl
ℜΨl
)
− xl
( ℑΨl
ℜΨl
)]
or
∂i∂l
( ℑGl
ℜGl
)
= ul∂i
( ℑΨl
ℜΨl
)
−
( ℑΨl
ℜΨl
)
∂ixl.
Sine the notation ∂i denotes ∂/∂x for, say, i = 1, and
notation xl denotes x for l = 1, y for l = 2 and so on,
one nds
∂ixl = δil, δil =
{
1, if i = l
0, otherwise
. (92)
where δil is the Kroneker delta. The partial derivatives
∂i∂lℑGl and ∂i∂lℜGl hene beome
∂i∂l
( ℑGl
ℜGl
)
= ul∂i
( ℑΨl
ℜΨl
)
− δil
( ℑΨl
ℜΨl
)
and the ℜE of Eq. (90) and ℑE of Eq. (91) get re-
expressed as
ℜE = σEp
a2 + b2
3∑
i=1
[
γωηℑGi
+
g
ω
3∑
l=1
(ul∂iℑΨl − δilℑΨl)
]
ei, (93)
ℑE = − σEp
a2 + b2
3∑
i=1
[
γωηℜGi
+
g
ω
3∑
l=1
(ul∂iℜΨl − δilℜΨl)
]
ei, (94)
where Eq. (45) has been substituted in for ℜA and ℑA.
To ompute for ∂iℜΨl and ∂iℑΨl, one notes that ℜΨl
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and ℑΨl an be summarized in form as
Υ =

[∑
̺
ζa
s̺
u3
sin
(
v + ϑa
s̺
)
+
∑
σ
ζb
sσ
u2
sin
(
v + ϑb
sσ
)
+
∑
ι
ζ
ι
u3
cos (v + ϑ
ι)
+
∑
ς
ζd
ς
u2
cos
(
v + ϑd
ς
)]
ds, (95)
where Υ represents ℜΨl or ℑΨl, the sums
∑
̺,
∑
σ,
∑
ι,
and
∑
ς denote summation over terms involving sines
and osines divided by u2 or u3; and,
(
ζa
s̺, ζ
b
sσ, ζ

ι, ζ
d
ς
)
and
(
ϑa
s̺, ϑ
b
sσ, ϑ

ι, ϑ
d
ς
)
are the respetive onstant terms
whih an be identied from the observation of sines and
osines of whih involve v in their argument. The op-
erator ∂i only ats on non-soure oordinates, of ourse.
Sine u and v are the only terms with non-soure oor-
dinates, one has
∂iΥ =

(∑
̺
ζa
s̺Υ
a
̺ +
∑
σ
ζb
sσΥ
b
σ
+
∑
ι
ζ
ιΥ

ι +
∑
ς
ζd
ςΥ
d
ς
)
ds, (96)
where i = x, y, z or i = 1, 2, 3 and
Υa̺ =
cos
(
v + ϑa
s̺
)
∂iv
u3
− sin
(
v + ϑa
s̺
)
∂iu
3
u6
,
Υbσ =
cos
(
v + ϑb
sσ
)
∂iv
u2
− sin
(
v + ϑb
sσ
)
∂iu
2
u4
,
Υι = −
sin (v + ϑ
ι) ∂iv
u3
− cos (v + ϑ

ι) ∂iu
3
u6
,
Υdς = −
sin
(
v + ϑd
ς
)
∂iv
u2
− cos
(
v + ϑd
ς
)
∂iu
2
u4
.
Utilizing Eq. (72), it an be shown
∂iu
2 = 2 (xi − xsi) , ∂iu3 = 3 (xi − xsi)u
or, sine xi − xsi = −ui,
∂iu
2 = −2ui, ∂iu3 = −3uiu, (97)
where the dummy index l has been replaed by another
dummy index i, of ourse. The expression for ∂iv has
already been dened in Eq. (74), i.e., let i = l. With
Eqs. (74) and (97), the expression for ∂iΥ of Eq. (96)
beomes
∂iΥ =

(∑
̺
ζa
s̺
u3
Υa̺o +
∑
σ
ζb
sσ
u2
Υbσo
+
∑
ι
ζ
ι
u3
Υιo +
∑
ς
ζd
ς
u2
Υdςo
)
ds, (98)
where
Υa̺o =
uiK cos
(
v + ϑa
s̺
)
u
+
3ui sin
(
v + ϑa
s̺
)
u2
,
Υbσo =
uiK cos
(
v + ϑb
sσ
)
u
+
2ui sin
(
v + ϑb
sσ
)
u2
,
Υιo =
3ui cos (v + ϑ

ι)
u2
− uiK sin (v + ϑ

ι)
u
,
Υdςo =
2ui cos
(
v + ϑd
ς
)
u2
− uiK sin
(
v + ϑd
ς
)
u
.
Comparing Eq. (98) with Eq. (95), one identies the
transformation rule for the sines and osines given by
{
sin
(
v + ϑa
s̺
)→ Υa̺o, sin (v + ϑbsσ)→ Υbσo,
cos (v + ϑ
ι)→ Υιo, cos
(
v + ϑd
ς
)→ Υdςo, (99)
where ϑa
s̺, ϑ
b
sσ, ϑ

ι, and ϑ
d
ς an be identied by observing
appropriate osines or sines in expressions for ℜΨl and
ℑΨl of Eqs. (78) thru (83). Appliation of Eq. (99) on
Eqs. (78) thru (83) yields
(
∂iℜΨl
∂iℑΨl
)
= ui
( ℜΛl
ℑΛl
)
, (100)
where
ℜΛ1 = a
4
 c
0
[
− ac1
(
K2
u3
− 3
u5
)
cos (v + 2s− c2)
− 2bc3K
(
1
u3
+
3
u4
)
cos (v + s)
+ 2ac1 cos c2
(
K2
u3
− 3
u5
)
cos v
− ac1
(
K2
u3
− 3
u5
)
cos (v − 2s+ c2)
+
6bc3K
u4
cos (v − s)− 3ac1K
u4
sin (v + 2s− c2)
+ 2bc3
(
K2
u3
− 2
u4
− 3
u5
)
sin (v + s)
+
6ac1K cos c2
u4
sin v − 2bc3
(
K2
u3
− 3
u5
)
sin (v − s)
−3ac1K
u4
sin (v − 2s+ c2)
]
ds, (101)
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ℜΛ2 = a
4
 c
0
[
3ac1K
u4
cos (v + 2s− c2)
− 2bc3
(
K2
u3
− 3
u5
)
cos (v + s)
+ 2ac1 sin c2
(
K2
u3
− 3
u5
)
cos v
− 2bc3
(
K2
u3
− 3
u5
)
cos (v − s)
− 3ac1K
u4
cos (v − 2s+ c2)− 6bc3K
u4
sin (v + s)
− ac1
(
K2
u3
− 3
u5
)
sin (v + 2s− c2)
+
6ac1K sin c2
u4
sin v − 6bc3K
u4
sin (v − s)
+ac1
(
K2
u3
− 3
u5
)
sin (v − 2s+ c2)
]
ds, (102)
ℜΛ3 = b
2
 c
0
[
3ac1K
u4
cos (v + s− c2)
− 2bc3
(
K2
u3
− 3
u5
)
cos v − 3ac1K
u4
cos (v − s+ c2)
− ac1
(
K2
u3
− 3
u5
)
sin (v + s− c2)− 6bc3K
u4
sin v
+ac1
(
K2
u3
− 3
u5
)
sin (v − s+ c2)
]
ds, (103)
ℑΛ1 = a
4
 c
0
[
3ac1K
u4
cos (v + 2s− c2)
− 2bc3
(
K2
u3
− 3
u5
)
cos (v + s)− 6ac1K cos c2
u4
cos v
+ 2bc3
(
K2
u3
− 3
u5
)
cos (v − s)
+
3ac1K
u4
cos (v − 2s+ c2)− 6bc3K
u4
sin (v + s)
− ac1
(
K2
u3
− 3
u5
)
sin (v + 2s− c2)
+ 2ac1 cos c2
(
K2
u3
− 3
u5
)
sin v +
6bc3K
u4
sin (v − s)
−ac1
(
K2
u3
− 3
u5
)
sin (v − 2s+ c2)
]
ds, (104)
ℑΛ2 = a
4
 c
0
[
ac1
(
K2
u3
− 3
u5
)
cos (v + 2s− c2)
+
6bc3K
u4
cos (v + s)− 6ac1K sin c2
u4
cos v
− ac1
(
K2
u3
− 3
u5
)
cos (v − 2s+ c2)
+
6bc3K
u4
cos (v − s) + 3ac1K
u4
sin (v + 2s− c2)
− 2bc3
(
K2
u3
− 3
u5
)
sin (v + s)
+ 2ac1 sin c2
(
K2
u3
− 3
u5
)
sin v
− 2bc3
(
K2
u3
− 3
u5
)
sin (v − s)
−3ac1K
u4
sin (v − 2s+ c2)
]
ds, (105)
ℑΛ3 = b
2
 c
0
[
ac1
(
K2
u3
− 3
u5
)
cos (v + s− c2)
+
3bc3K
u4
cos v − ac1
(
K2
u3
− 3
u5
)
cos (v − s+ c2)
+
3ac1K
u4
sin (v + s− c2)− bc3
(
K2
u3
− 3
u5
)
sin v
−3ac1K
u4
sin (v − s+ c2)
]
ds, (106)
where c1, c2, and c3 are dened in Eqs. (49) thru (51).
Insertion of Eq. (100) into Eqs. (93) and (94) yields the
expression given by( ℜE
ℑE
)
= ± σEp
a2 + b2
3∑
i=1
( ℜEi
ℑEi
)
ei,
where( ℜEi
ℑEi
)
= γωη
( ℑGi
ℜGi
)
+
g
ω
3∑
l=1
[
ului
( ℑΛl
ℜΛl
)
− δil
( ℑΨl
ℜΨl
)]
. (107)
Diret expansion of ℜEi and ℑEi for eah i = 1, 2, 3 to
yields
ℜE1 = γωηℑG1
+
g
ω
(
u21ℑΛ1 + u2u1ℑΛ2 + u3u1ℑΛ3 −ℑΨ1
)
,
(108)
ℜE2 = γωηℑG2
+
g
ω
(
u1u2ℑΛ1 + u22ℑΛ2 + u3u2ℑΛ3 −ℑΨ2
)
,
(109)
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ℜE3 = γωηℑG3
+
g
ω
(
u1u3ℑΛ1 + u2u3ℑΛ2 + u23ℑΛ3 −ℑΨ3
)
,
(110)
and
ℑE1 = γωηℜG1
+
g
ω
(
u21ℜΛ1 + u2u1ℜΛ2 + u3u1ℜΛ3 −ℜΨ1
)
,
(111)
ℑE2 = γωηℜG2
+
g
ω
(
u1u2ℜΛ1 + u22ℜΛ2 + u3u2ℜΛ3 −ℜΨ2
)
,
(112)
ℑE3 = γωηℜG3
+
g
ω
(
u1u3ℜΛ1 + u2u3ℜΛ2 + u23ℜΛ3 −ℜΨ3
)
.
(113)
The magnitude of E is given by
E =
√
E†E =
√
(ℜE− iℑE) · (ℜE+ iℑE)
=
√
ℜE · ℜE+ ℑE · ℑE
or with Eq. (107) substituted in for ℜE and ℑE, I obtain
E
rad
E
p
≡ E
E
p
=
σ
a2 + b2
{
3∑
i=1
[
(ℜEi)2 + (ℑEi)2
]}1/2
,
(114)
where ℜEi and ℑEi are dened in Eqs. (108) thru (113).
V. RESULT
The elds are measured along the surfae of ylindrial
shell illustrated in Fig. 16. Relative to the O′ frame of
referene, an arbitrary point on the surfae of ylindrial
shell is given by
R′
d
= R′ +R′
sd
, (115)
where R′ is from Eq. (13) and is given by
R′ = a cos (s) e1 + a sin (s) e2 + bse3 (116)
with e1 ≡ x′, e2 ≡ y′, and e3 ≡ z′. In terms of ylindrial
oordinates (ρ′, φ′, z′
d
) , R′
d
an be expressed as
R′
d
= ρ′ cos (φ′) e1 + ρ
′ sin (φ′) e2 + z
′
d
e3
and Eq. (115) may be solved for R′
sd
to yield
R′
sd
= (ρ′ cosφ′ − a cos s) e1 + (ρ′ sinφ′ − a sin s) e2
+ (z′
d
− bs) e3, (117)
.
N= d∆
d∆(N−1)=
d∆
d∆
.
.
.
.
.
.
.
.
.
.
.
d
Rsd
Rd
R
d∆
=1
=0
z
φ
O
x
yρ
z
s = 0
z
z
z
z
z
z
z
z
z
Figure 16: Position of detetor relative to the primed origin.
where ρ′ is a onstant for a xed ylindrial shell, φ′
sweeps from 0 to 2π, and z′ = z′
d
ranges from −∞ to ∞.
Relative to the frame of referene O, Fig. 17 in whih
frame the unit bases x, y, z satisfy the ondition x ‖ x′,
y ‖ y′, z ‖ z′, the loations R′
d
and R′ are given by
R
d
= R
o
+R′
d
, R
s
= R
o
+R′,
where R
s
= R
o
+R′ is from Eq. (13). These relations
an be ombined with Eq. (115) to yield
R
d
= R′
sd
+R′ +R
o
= R′
sd
+R′ +
3∑
i=1
x
oiei.
With R′ inserted from Eq. (116) and R′
sd
substituted in
from Eq. (117), R
d
beomes
R
d
= (x
o1 + ρ
′ cosφ′) e1 + (xo2 + ρ
′ sinφ′) e2
+ (x
o3 + z
′
d
) e3. (118)
The R
d
in ylindrial oordinates an be expressed as
R
d
= ρ cosφe1 + ρ sinφe2 + zde3, (119)
where ρ is now the radius with respet to the unprimed
referene frame O. Combining Eqs. (118) and (119), I
obtain
(ρ cosφ− x
o1 − ρ′ cosφ′) e1
+(ρ sinφ− x
o2 − ρ′ sinφ′) e2
+(z
d
− x
o3 − z′
d
) e3 = 0. (120)
Equation (120) an only be satised if and only if oe-
ients of e1, e2, and e3 are independently zero, hene
ρ cosφ− x
o1 − ρ′ cosφ′ = 0,
ρ sinφ− x
o2 − ρ′ sinφ′ = 0,
z
d
− x
o3 − z′
d
= 0.
The third relation readily gives
z
d
= x
o3 + z
′
d
(121)
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Figure 17: Position of detetor relative to the unprimed ori-
gin.
and the rst two relations rearranged to give
ρ sinφ = x
o2 + ρ
′ sinφ′,
ρ cosφ = x
o1 + ρ
′ cosφ′.
From the ratio of the two, i.e., tanφ = sinφ/ cosφ, I
obtain
φ = arctan
(
x
o2 + ρ
′ sinφ′
x
o1 + ρ′ cosφ′
)
. (122)
The ρ is found by ombining the two relations, i.e.,
ρ sinφ+ ρ cosφ, to get
ρ =
x
o1 + xo2 + ρ
′ (sinφ′ + cosφ′)
sinφ+ cosφ
.
The sinα + cosα an be ombined utilizing Eq. (33) to
yield
sinα+ cosα =
√
2 sin [α+ arctan (1)]
=
√
2 sin
(
α+
π
4
)
and ρ beomes
ρ =
x
o1 + xo2 + ρ
′
√
2 sin
(
φ′ + π
4
)
√
2 sin
(
φ+ π
4
) .
Insertion of Eq. (122) for φ yields the result[29℄
ρ =
x
o1 + xo2 + ρ
′
√
2 sin
(
φ′ + π
4
)
√
2 sin
[
arctan
(
x
o2+ρ′ sinφ′
x
o1+ρ′ cosφ′
)
+ π
4
] , (123)
where 0 ≤ φ′ < 2π. With Eqs. (121) and (123), the sur-
fae of ylindrial shell illustrated in Fig. 16 is ompletely
dened relative to the referene frame of O.
In MKS system of units, where length is measured in
meters, mass is measured in kilograms, and time is mea-
sured in seonds, the onstants g, η, and γ of Eqs. (3)
thru (5) are identied as
g =
1
4πε
o
, η = 1, γ =
µ
o
4π
and the onstant K in Eq. (11) gets identied as
K = ω
√
γη
g
= ω
√
µ
o
ε
o
,
where the free spae eletri permittivity ε
o
and the mag-
neti permeability µ
o
have the value given by
ε
o
≈ 8.854× 10−12 s4 A2m−3 kg−1,
µ
o
= 4π × 10−7 mkg s−2A−2.
The total eletri eld and the total magneti indu-
tion part of the eletromagneti wave reahing the surfae
of an imaginary ylindrial shell, illustrated in Fig. 17,
an be summarized as
E
total
= E′
P
+E
rad
, B
total
= B′
P
+B
rad
,
where E′
P
and B′
P
respetively represent the eletri
eld and the magneti indution parts of eletromagneti
waves other than the radiation from nanohelix reahing
the detetor. The measure of eld ampliation, there-
fore, may be expressed as
E
total
E
P
=
‖E′
P
+E
rad
‖
‖E
P
‖ ,
B
total
B
P
=
‖B′
P
+B
rad
‖
‖B
P
‖ .
In many situations, the magnitudes of E′
P
and B′
P
are
only minute hanges from that of inidene wave, i.e.,
‖E
P
‖ ≈ ‖E′
P
‖ and ‖B
P
‖ ≈ ‖B′
P
‖ , and the previous ex-
pressions an be approximated as
E
total
E
P
≈ 1 + ‖Erad‖‖E
P
‖ >
‖E
P
+E
rad
‖
‖E
P
‖ , (124)
B
total
B
P
≈ 1 + ‖Brad‖‖B
P
‖ >
‖B
P
+B
rad
‖
‖B
P
‖ . (125)
A suessful retiation of ambient eletromagneti
wave requires the eld ampliation riterion dened in
Eq. (2),
E
total
E
P
≫ 1, Btotal
B
P
≫ 1,
where the subsripts in the magnitudes of eletri eld
and magneti indution have been modied from rad to
total. Observing Eqs. (124) and (125), the requirement
for a suessful retiation of ambient eletromagneti
wave is given by
E
rad
E
P
≫ 1, Brad
B
P
≫ 1,
whih is the eld ampliation riterion dened in Eq.
(2).
I am now ready to plot the results. For onveniene,
the origins of two referene frames, O and O′, were made
to oinide eah other. This makes x
o1 = xo2 = 0, zd =
z′
d
, and △z
d
= △z′
d
. Furthermore, it had been assumed
that the helix winding started at z
d
= z′
d
= 0 and the
18
vauum was assumed for the medium holding both the
nite helix and the propagating inidene and radiated
eletromagneti waves. That being said, Eqs. (87) and
(114) are omputed at the surfae of ylindrial sreen
of radius ρ′, Eq. (123), using Simpson method oded
in FORTRAN 90 for numerial integration(author?)
[25℄ and assuming the following input values,
wavelengthλ = 555.016 nm,
wave number vetor: K (K, 0, 0) = Kxˆ =
2π
λ
xˆ,
polarization: E
P
(
α1 =
π
2
, α2 = 0, α3 =
π
2
)
= E
P
yˆ,
radius of helix: a = 40 nm,
pith of helix: pith = 50 nm,
radius of sreen: ρ′ = 273 nm,
inrement along z axis: △z′
d
= 0.0976 nm,
helix ondutivity: σ = 5× 105 S,
fully strehed length of helix: l = 5 um,
helix winding number: N
w
= 19.5.
The results are illustrated in Figs. 18 thru 21, where the
parameter h in Figs. 18 and 20 represents the height of
nanohelix, i.e., h = bc, as illustrated in Fig. 11. The
results illustrated in Figs. 19 and 21, therefore, respe-
tively represent slies of Figs. 18 and 20 at helix height
indiated by z
d
.
 40
 40.5
 41
 41.5
 42
 42.5
3D Plot of LOG10(Brad/Bp)
 0
 20
 40
 60
 80
 100
100 h-1 zd
 0 50 100
 150 200 250
 300 350
φo(degree)
 40
 40.5
 41
 41.5
 42
 42.5
Figure 18: The ratio B
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Figure 19: The ratio B
rad
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p
, whih is measured on the sur-
fae of ylindrial sreen of radius ρ′ = 273 nm and slied at
indiated z
d
.
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Figure 20: The ratio E
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ylindri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reen of radius ρ′ = 273 nm.
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Figure 21: The ratio E
rad
/E
p
, whih is measured on the sur-
fae of ylindrial sreen of radius ρ′ = 273 nm and slied at
indiated z
d
.
For the partiular ase where the input eletromagneti
wave is speied by the wave number vetorK = Kxˆ and
E
P
= E
P
yˆ, the resulting indued radiation from a single
nanohelix is haraterized by an eletri eld part whih
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is distorted in prole. The distortion in eletri eld pro-
le an be attributed to the loal geometrial ongura-
tion of the nanohelix, e.g., the winding pith, et. At dis-
tanes far away from nanohelix, suh eets arising from
the geometrial onguration of nanohelix should be av-
eraged out, resulting in a radiated eletri eld prole
whih is symmetrial in shape. To onrm suh behavior
for the sattered elds at distanes far away from sat-
tering nanohelix, Eqs. (87) and (114) were re-omputed
with only the radius of ylindrial sreen hanged to
ρ′ = 233.04 um, whih is about thousand times larger
than the previous value for the radius, ρ′ = 273 nm. The
results are shown in Figs. 22 and 23 for the ratios in-
volving eletri and magneti elds, respetively. As ex-
peted, the proles for both magneti indution and ele-
tri eld portray a symmetry about ommon axis.
 26
 26.2
 26.4
 26.6
 26.8
 27
 27.2
 27.4
 27.6
3D Plot of LOG10(Brad/Bp)
 0
 20
 40
 60
 80
 100
100 h-1 zd
 0 50 100
 150 200 250
 300 350
φo(degree)
 26
 26.2
 26.4
 26.6
 26.8
 27
 27.2
 27.4
 27.6
Figure 22: The ratio B
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reen of radius ρ′ = 233.04 um.
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Figure 23: The ratio E
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e of
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The proposed energy harvesting devie based on
nanohelies is atually an array of many pixels, where
the term pixel has been adopted from display tehnol-
ogy to denote a smaller energy harvesting devie unit
omposing of single nanohelix (or few nanohelies). In
suh many-body (many-nanohelix) system, ontributions
arising from interation with dierent nanohelies must
also be taken into aount for a total eet, whih is a
very hallenging task. However, without having to go
through suh diult alulations involving many-body
eet, one an be sure of the existene of loations where
onstrutive and destrutive interferene of wavelets o-
ur within the layer ontaining nanohelies. The num-
ber wins in energy harvesting devie based on nanohe-
lies. Sine there are billions of nanohelies in the system,
even if only one hundredth of them atually partiipate in
the energy harvesting, the total output power generated
would be substantial. And, the demonstrated alula-
tion based on single nanohelix, supports the possibility of
harvesting energy utilizing nanohelies. Any alulations
involving many-nanohelies eet should be deferred for
the optimization stage of the development proess.
VI. CONCLUDING REMARKS
The presented energy harvesting devie based on
nanohelies, in all respets, an be thought of as a
miniaturized version of retier iruits with transform-
ers found in many eletroni systems. The only dier-
ene is that retier based on nanohelies retify ambi-
ent eletromagneti waves, whereas the onventional re-
tiers retify AC soure from the household wall outlet.
As with all retiers, the retiation ondition dened
in Eq. (1) must be satised before the proposed devie
an atually onvert ambient eletromagneti waves into
a useful DC eletrial power. The retiation ondition
an be satised if the ondition dened in Eq. (2) an be
met,
E
rad
E
P
≫ 1, Brad
B
P
≫ 1.
In this work, by utilizing the seondary radiation proess,
I have expliitly shown that the ondition imposed by Eq.
(2) beomes feasible with nanohelies.
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